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Summary
Experimental phasing of macromolecular crystal
structures relies on the accurate measurement of two
ormore sets of reflections from isomorphous crystals,
where the scattering power of a few atoms is different
for each set. Recently, it was demonstrated that X-ray-
induced intensity differences canalsocontain phasing
information, exploiting specific structural changes
characteristic of X-ray damage. Thismethod (radiation
damage-induced phasing; RIP) has the advantage that
it can be performed on a single crystal of the native
macromolecule. However, a drawback is that X-rays
introduce many small changes to both solvent and
macromolecule. In this study, ultraviolet (UV) radiation
hasbeenused to inducespecificchanges in themacro-
molecule alone, leading to a larger contrast between
radiation-susceptible andnonsusceptible sites. Unlike
X-ray RIP, UV RIP does not require the use of a
synchrotron. The method has been demonstrated for
a series of macromolecules.
Introduction
In contrast to small-molecule crystallography, no math-
ematical procedure exists to solve the phase problem
ab initio for crystals of macromolecules that diffract to
less than atomic resolution. The structure determination
of novel macromolecular compounds that are not highly
homologous to known compounds relies on the accu-
rate measurement of two or more sets of reflections
from isomorphous crystals, where the scattering power
of a small number of atoms is different for each set.
These atoms are often artificially introduced into the
macromolecular structure, with selenomethionine deriv-
atization being the most commonly used technique
(Hendrickson et al., 1990). In isomorphous replacement
techniques (SIR: single isomorphous replacement; MIR:
multiple isomorphous replacement), multiple data sets
are collected from crystals with and without heavy
atoms (HA). For anomalous dispersion techniques
(SAD: single-wavelength anomalous dispersion; MAD:
multiple-wavelength anomalous dispersion), the data
are split into sets of equal wavelength and Friedel sign.
A general method that could overcome the need for
heavy atom derivatization would hold great promise
for the growing number of structural biologists who are
*Correspondence: ravelli@embl.fr
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would save on labor, synchrotron time, toxic heavy
atom solutions, and costs. Interesting concepts such
as brute force molecular replacement, iterated projec-
tions (Elser, 2003), free energy minimization (Castleden,
1992; Scheres and Gros, 2004), and three-beam X-ray
diffraction (Weckert and Hummer, 1997) remain in rather
early stages of development. In contrast, the use of weak
anomalous scatterers within native proteins, sometimes
enhanced by naturally bound heavy atoms, holds great
promise as a generally useful method. Small anomalous
differences for sulfur and phosphorus can be accurately
measured at an appropriate wavelength of the X-ray
beam. Sulfur is present in almost all proteins, and phos-
phorus is present in all oligonucleotides. The K absorp-
tion edges of these elements are found at very long
wavelengths, at 5.0 and 5.8 A˚, respectively, but the huge
absorptions by the crystal, air, and beamline compo-
nents at these wavelengths make it technically extremely
challenging to collect useful data at these edges. Pio-
neering work by Hendrickson and Teeter (1981) on
crambin demonstrated that reliable phase information
can be obtained using the anomalous signal for sulfur
collected with X-ray energies far above the K absorption
edge. The remote edge sulfur single-wavelength anom-
alous dispersion (S-SAD) phasing method, with phos-
phorus phasing in its wake (P-SAD), has seen a revival
over the last few years, resulting in a constant pushing
of the limits of this method (Carugo et al., 2005; Debrec-
zeni et al., 2003; Kitago et al., 2005; Micossi et al., 2002;
Ramagopal et al., 2003; Roeser et al., 2005; Weiss et al.,
2001; Yang et al., 2003). However, full maturation of
S-SAD seems to be hampered by, among others issues,
radiation damage (Ravelli et al., 2005; Weiss et al., 2004).
Radiation damage is a serious problem in the phasing
of macromolecular crystal structures, even for cryo-
cooled crystals (Ravelli et al., 2005; Rice et al., 2000).
Systematic studies on third-generation synchrotron un-
dulator beamlines have shown that upon exposure of
the crystal to the X-ray beam, both general and highly
specific changes occur (Burmeister, 2000; Ravelli and
McSweeney, 2000; Weik et al., 2000). The diffractive
power of the crystal gradually declines, resulting in
increased Wilson B factors. Concomitantly, the mosaic-
ity tends to increase with dose as well as with unit cell
volume. Well-known markers of specific damage are
disulfide breakage, loss of definition of carboxyl groups,
and damage to ‘‘strained’’ active sites (Weik et al., 2000).
Changes occurring with sulfur atoms are particularly
detrimental while performing an S-SAD experiment.
Phasing programs traditionally assume the anomalous
scatterer to remain unaltered throughout the data col-
lection, both in terms of position and occupancy. This
assumption is only valid as long as the error caused by
radiation damage remains smaller than all other experi-
mental errors.
The use of radiation damage for phasing, called radi-
ation damage-induced phasing (RIP), was initially
shown in the absence of anomalous scattering (Ravelli
et al., 2003), and represents another novel method for
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792Table 1. Data Collection Statistics
Elastase Insulin Lysozyme
Position A Position B
Before UV 1 2 Before UV Before UV
Space group P212121 P212121 I213 P43212
Unit cell
parameters (A˚)
a = 49.9
b = 58.0
c = 74.3
a = 49.9
b = 57.8
c = 74.3
a = 49.72
b = 57.64
c = 74.12
a = 49.72
b = 57.64
c = 74.12
a = 77.92 a = 77.95 a = 76.49
c = 37.12
a = 76.58
c = 37.16
Resolution (highest
resolution) (A˚)
50.0–1.49
(1.59–1.49)
50.0–1.49
(1.59–1.49)
50.0–1.55
(1.65–1.55)
50.0–1.55
(1.65–1.55)
50.0–1.49
(1.59–1.49)
50.0–1.49
(1.59–1.49)
50.0–1.49
(1.59–1.49)
50.0–1.49
(1.59–1.49)
Number of reflections 151,815
(13,790)
152,423
(14,086)
129,673
(8,517)
129,760
(8,520)
113,693
(10,680)
114,479
(11,438)
114,770
(97,24)
115,979
(10,849)
Number of unique
reflections
64,425
(8,770)
64,610
(8,919)
55,126
(5,763)
55,120
(5,762)
24,048
(3,529)
24,356
(3,839)
32,881
(4,561)
33,621
(5,303)
Completeness (%)a 94.8 (72.8) 95.1 (74.1) 91.3 (55.8) 91.3 (55.8) 96.3 (79.7) 97.5 (86.7) 95.4 (74.7) 97.5 (86.8)
<I/s(I)> 15.7 (4.5) 15.6 (3.8) 26.0 (10.5) 25.9 (10.1) 20.1 (3.3) 17.3 (2.5) 16.2 (2.7) 15.4 (2.5)
Rsym (%)
b 4.1 (14.1) 4.1 (17.4) 2.5 (5.2) 2.5 (5.3) 4.3 (34) 5.1 (45.8) 4.3 (32.4) 4.5 (34.7)
Redundancy 2.4 (1.6) 2.4 (1.6) 2.4 (1.5) 2.4 (1.5) 4.7 (3.0) 4.7 (3.0) 3.5 (2.1) 3.5 (2.1)
Rmerge before vs. after
(with local scaling) (%)c
6.9 1.9 12.4 4.2
<DF>/<sDF> 1.44 0.67 3.79 1.05
Resolution where
<DF>/<sDF> > 1.5
1.9 — 1.6 3.3
a Completeness is sometimes compromised for the higher resolution shells, as measurements in the corners of the square detector were
included.
b Rsym is
P
hkl
P
i
jIiðhklÞ2 IðhklÞj
P
hkl
P
i
Ii ðhklÞ , where IðhklÞ is the average intensity of i observations of a given reflection hkl.
c Rmerge is
P
hkl
P2
j = 1
jIjðhklÞ2 IðhklÞj
2
P
hkl
IðhklÞ , where IðhklÞ is the average intensity of the two data sets ‘‘before’’ and ‘‘after’’ for a given reflection hkl, as
calculated by XPREP.obtaining phases from unmodified protein. Now, several
examples are known where radiation damage, often in
combination with anomalous scattering (RIPAS; Zwart
et al., 2004), provide useful phase information (Banuma-
thi et al., 2004; Evans et al., 2003; Ramagopal et al., 2005;
Ravelli et al., 2005; Schiltz et al., 2004; Weiss et al., 2004).
Two experimental methods for using radiation damage
to obtain phases currently exist. In the first method,
two low-dose data sets (the ‘‘before’’ and ‘‘after’’ data
sets) are interleaved with a high-dose X-ray exposure
(the ‘‘burn’’) which induces specific radiation damage.
The differences between the two low-dose data sets
are then used in a pseudo-SIR manner to both determine
the radiation-damaged substructure and obtain phases.
The second method exploits the radiation damage ac-
cumulated during the course of a ‘‘normal’’ data collec-
tion. Schiltz et al. (2004) demonstrated that a dose-
dependent substructure model gave a better description
of a Br-MAD data set where the bromine was cleaved
from the oligonucleotide during data collection. The im-
proved model yielded additional phasing information
given a known substructure. Future generation phasing
programs are likely to be able to use unmerged data
sets both for the determination and the refinement of
the substructure. The unmerged data sets would contain
dose information as well as exposure mode (beam
shape, beam, and crystal size) and the substructure po-
sitions and occupancies would be a function of dose.
These developments will be stimulated by the ever-
increasing amount of SAD and MAD data collected on
third-generation undulator beamlines. The conceptsneeded to deal with radiation damage-compromised
SAD and MAD data are the same as those for RIP data,
and thus we expect the latter technique to greatly benefit
from ongoing developments.
We have shown recently how two methods, substruc-
ture iteration and downscaling, provide important bene-
fits for the RIP method (Nanao et al., 2005). Briefly, ‘‘iter-
ation’’ refers to the stepwise improvement of a partial
RIP substructure to eventually include a complete sub-
structure that describes both the sites of radiation dam-
age-susceptible atoms and radiation damage-induced
positions. ‘‘Downscaling’’ refers to obtaining better RIP
substructures by downweighting (K < 1) the radiation-
damaged data set (‘‘after’’) while calculating Fbefore 2
KFafter difference Fouriers. A range of scale factors ‘‘K’’
could be used while trying to solve a structure: the width
of the range that leads to interpretable phases can be
seen as a measure of the quality of the RIP signal. Six
model proteins, all containing disulfide bonds, were in-
vestigated (Nanao et al., 2005). Two structures were
solved readily, whereas downscaling was mandatory
in order to solve three of the proteins. The latter category
included hen egg white lysozyme (HEWL), for which it
was especially difficult to find an initial substructure
complete enough to allow subsequent phasing. For
one protein, ribonuclease A (RNase), no correct initial
substructure could be found at all. The most susceptible
sites for this protein consisted of carboxyl groups as
well as waters located close to the surface of the protein.
Unexpectedly, the disulfides in ribonuclease A were less
susceptible to X-ray damage.
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793Table 1. Continued
PYP Ribonuclease A Thaumatin Trypsin
Position A Position B
Before UV Before UV Before UV Before UV 1 2
P65 P3221 P41212 P212121 P212121
a = 39.9
b = 116.8
a = 39.9
b = 116.8
a = 64.18
c = 63.60
a = 64.17
c = 63.59
a = 57.90
c = 150.20
a = 57.91
c = 150.26
a = 54.28
b = 58.28
c = 66.73
a = 54.33
b = 58.33
c = 66.64
a = 54.24
b = 58.28
c = 66.73
a = 54.25
b = 58.30
c = 66.75
50.0–1.40
(1.49–1.40)
50.0–1.40
(1.49–1.40)
50.0–1.49
(1.59–1.49)
50.0–1.49
(1.59–1.49)
50.0–1.48
(1.59–1.48)
50.0–1.48
(1.59–1.48)
50.0–1.49
(1.59–1.49)
50.0–1.49
(1.59–1.49)
50.0–1.49
(1.59–1.49)
50.0–1.49
(1.59–1.49)
110,460
(15,678)
110,580
(15,764)
120,132
(9,369)
121,278
(10,437)
271,898
(27,143)
272,981
(27,536)
125,014
(12,017)
126,896
(12,625)
125,742
(12,143)
125,799
(12,242)
20,678
(3,471)
20,699
(3,489)
44,548
(5,031)
45,405
(5,891)
79,127
(13,564)
79,192
(13,637)
61,815
(8,408)
61,880
(8,458)
61,798
(8,379)
61,759
(8,390)
99.7 (98.1) 99.8 (98.6) 91.7 (58.6) 93.5 (68.6) 97.3 (86.4) 97.4 (86.8) 92.5 (70.9) 92.6 (71.4) 92.5 (70.7) 92.4 (70.8)
12.6 (3.2) 11.4 (2.2) 19.1 (3.9) 17.5 (3.3) 18.7 (4.3) 17.4 (3.8) 13.9 (4.9) 11.5 (2.6) 11.2 (4.0) 11.0 (3.7)
6.6 (46.6) 7.9 (71.1) 3.5 (21.9) 3.8 (25.3) 4.4 (18.7) 4.8 (21.9) 4.6 (13.0) 5.8 (29.8) 5.4 (15.8) 5.5 (17.5)
5.3 (4.5) 5.3 (4.5) 2.7 (1.9) 2.7 (1.8) 3.4 (2.0) 3.5 (2.0) 2.0 (1.4) 2.1 (1.5) 2.0 (1.5) 2.0 (1.5)
10.9 7.5 9.1 20.5 4.6
1.90 1.97 2.35 1.97 0.73
1.75 1.8 1.7 1.8 —Is it possible to enhance the specificity of radiation
damage, thus benefiting the RIP method? In contrast
to X-rays and g-rays, ultraviolet (UV) light does not de-
posit sufficient energy in water molecules to ionize
them. However, UV radiation is well known to have det-
rimental effects on proteins and oligonucleotides. DNA
damage by UV is particularly well studied, and possible
reactions include deamination of cytosine and pyrimi-
dine dimer formation (Halliwell and Gutteridge, 1999).
Photoinduced oxidative damage can occur directly
upon absorption of UV radiation by aromatic residues
or indirectly through the generation of reactive oxygen
species (ROS) upon absorption of visible light by photo-
sensitizers (Sgarbossa et al., 2003). Less well docu-
mented is the sensitivity of disulfide bonds to UV dam-
age (Augenstine, 1962; Augenstine and Ghiron, 1961;
Grist et al., 1965). The exact mechanism by which disul-
fide bonds are destroyed remains unclear; however, re-
cent evidence suggests that aromatic residues close to
disulfide bonds are important (Neves-Petersen et al.,
2002).
We have used UV light to induce specific radiation
damage within macromolecular crystalline structures.
Seven proteins were studied, and two data sets were
collected on each crystal. In between the data sets,
the rotating crystals were exposed to UV laser light of
266 nm. Control data sets were collected where no UV
light was used at all, or a UV burn was performed prior
to X-ray data collection. Intensity changes between
4% and 20% were obtained between the pair of data
sets collected on each crystal. The structural changeswere mainly localized to the disulfide bonds, including
for ribonuclease A, where the UV radiation showed a re-
markably different damage pattern compared to X-rays.
In general, UV damage to the ordered water structure
was minimal. One protein did not contain any disulfide
bonds; in this case, a thioester link was broken, which
provided sufficient phasing information. The substruc-
ture and phase determination methods were analogous
to those described by Nanao et al. (2005). In contrast to
X-ray RIP, all structures could be solved readily, and
showed superior phasing statistics. Although the mech-
anism of the UV damage has not been further investi-
gated for this paper, clear differences are observed be-
tween X-ray and UV damage. It is discussed that the
latter can be exploited both at synchrotrons and in-
house sources, especially for small crystals of disul-
fide-containing proteins. UV RIP could become a new
tool available to structural biologists to solve their mac-
romolecular structures without the need for producing
derivatives.
Results and Discussion
UV RIP Signal
Does UV radiation induce damage in macromolecular
crystals at cryogenic temperature? Two important
metrics can be used to answer this question (see Exper-
imental Procedures): the Rmerge value between the
‘‘before’’ and ‘‘UV’’ data sets, as well as the average dif-
ferences of <DF>/<sDF>. Table 1 shows that both statis-
tics suggest that substantial changes were induced in all
Structure
794of the test proteins. Indeed, the Rmerge value for trypsin
between ‘‘before’’ and ‘‘UV’’ data set is more than
20%, whereas the internal R value of each of those
data sets is only 5%. The observed UV-induced differ-
ence for trypsin is far greater than what is expected for
dispersive differences within MAD data sets, even for
exceptional cases such as MAD data collected around
the MIV edge of U (Liu et al., 2001). Additionally, tables
of <DF>/<sDF> versus resolution indicate significant dif-
ferences that often extend to the full resolution of the
data. For example, for trypsin, <DF>/<sDF> is still 1.67
in the highest resolution shell.
Two successively collected data sets might also show
X-ray damage between them. In order to minimize this,
a maximum attenuation of the high-flux undulator X-
ray beam was chosen for each crystal while preserving
diffraction to about 1.5 A˚. In addition, control data series
were collected for trypsin and elastase, where the long
needle-like crystals permitted the collection of two,
well-separated, data series. On one end of the crystal,
two successive control data sets, F1 and F2, were col-
lected, whereas on the other end of the crystal an Fbefore
data set was collected, followed by a UV burn and an FUV
data set. Neither the trypsin nor the elastase control data
sets shows signs of radiation damage: the Rmerge and
overall <DF>/<sDF> between F1 and F2 were, respec-
tively, 4.6% and 0.73 for trypsin, and 1.9% and 0.67 for
elastase. These Rint values are smaller than the internal
Rmerge values for the individual data sets, indicating
that the two data sets are not significantly different
from each other. Nevertheless, we used the programs
SHELXD (Schneider and Sheldrick, 2002) and SHELXE
(Sheldrick, 2002) to calculate differences between F1
and F2 in a similar way as for the differences between
Fbefore and FUV. As expected, no correct substructures
or interpretable phases could be obtained for the control
data sets. Thus, the strong attenuation appears to have
been successful, and X-ray damage contributed very lit-
tle, if any, signal to the Fbefore 2 FUV differences.
UV Burn
Table 2 gives the molar extinction coefficients of the
seven proteins at 266 nm, as calculated using tabulated
values (http://omlc.ogi.edu/spectra/PhotochemCAD/
html/index.html) for tyrosine (989 M21 cm21), trypto-
phan (4781 M21 cm21), phenylalanine (88 M21 cm21),
and cystine (200 M21 cm21). Given the high concentra-tion of protein within the crystals (Table 2), high optical
densities are obtained for crystals of the sizes typically
used for macromolecular crystallography experiments.
The depth of penetration of the 266 nm laser light in
our crystals varied between a few tens to just a few mi-
crons. The crystals were rotated throughout the UV irra-
diation in order to have nevertheless a significant num-
ber of unit cells affected by the UV radiation. Tests
done with varying ‘‘burn’’ times showed that an irradia-
tion of 5 min gave significant differences for most sam-
ples tested (data not shown). No clear differences
Figure 1. Experimental Setup
An online microspectrophotometer (L1, L2) was built around the
minidiffractometer (MD2M) (Maatel, Vorrepe, France) on the MAD
beamline ID14-4 at the ESRF, France. The X-rays come from the
right through an on-axis visualization unit (OAV) and a capillary,
and fall on the cryocooled crystal (C) that is mounted on a spindle
axis (u). One lens of the microspectrophotometer (L1) was coupled
with a fiber optic to a 266 nm laser in order to induce UV damage in
the macromolecular crystal. The cryostream has been omitted for
this figure.Table 2. Spectroscopic Parameters
Elastase Insulin Lysozyme PYP Ribonuclease A Thaumatin Trypsin
Molecular weight (kDa) 25.9 5.8 14.3 13.9 13.7 22.2 23.3
Number of free cysteines 0 0 0 1 0 0 0
Number of cystines 4 3 4 0 4 8 6
Number of phenylalanines 3 3 3 9 3 11 3
Number of tyrosines 11 4 3 5 6 8 10
Number of tryptophans 7 0 6 1 0 3 4
Molar extinction coeff
266 nm (M21 cm21)
45,410 4,820 32,717 10,518 6,998 24,823 30,478
Protein concentration (mM) 31 84 61 59 43 26 32
Cystine contributiona at 266 nm (%) 2 17 3 0 16 9 5
Crystal dimensions (mm) 250 3 120
3 120
110 3 110
3 110
130 3 100
3 90
180 3 80
3 80
130 3 130
3 90
180 3 110
3 110
220 3 80
3 80
a 3cystine/3total 3 100%.
Phasing Macromolecules by Ultraviolet Light
795Table 3. Low-Resolution Phasing Statistics
Insulin Ribonuclease A Thaumatin
Resolution SHELXD solution (A˚) 4.3 4.5 4.1
Number of sites found 8 8 18
Resolution used for phasing (A˚) 3.0 3.0 3.0
Number of positive sites 7 12 11
Number of negative sites 5 4 12
Refined scale factor 0.757 1.003 0.938
Isomorphous LOC 0.50 0.62 0.63
Rcullis (acen/cen) 0.541/0.584 0.643/0.662 0.631/0.656
Phasing power (acen/cen) 2.26/1.41 1.58/1.19 1.74/1.19
wMPE Sharp (º) 70.1 68.3 68.2
wMPE Solomon (º) 30.7 47.1 35.4
LOC, lack of closure; wMPE, weighted mean phase error.were observed between leaving the UV laser on or off
during the collection of the second data set. Our setup
(Figure 1) generated a power density of about 0.1 mW
in a 150 mm spot (1014 photons/s). We estimated the cor-
responding heat load based on studies done on crystal
heating due to X-ray beam absorption at 100 K (Kuzay
et al., 2001). Mhaisekar et al. (2005) have calculated an
external temperature rise of 7 K for an X-ray flux (4 3
1014 photons/s mm2, 13 keV) that is representative for
the unattenuated beam at the beamline used. This cor-
responds to a power of 0.3 mW, as calculated using
RADDOSE (Murray et al., 2004) for a typical protein
and a 100 3 100 mm beam. Although the UV laser gives
a smaller power deposition in the crystal, sharper inter-
nal temperature gradients can be expected due to the
nonuniform absorption. However, following Mhaisekar
et al. (2005), the temperature difference between the
outside of the crystal and the cold gas stream is linear
with power, whereas the internal temperature rise within
the crystal is always minor in comparison. Therefore, the
heating caused by the UV laser is not expected to ex-
ceed the heating generated by the unattenuated X-ray
beam.
Low-Resolution Phasing
All our crystals diffracted to high resolution, which is fa-
vorable for programs such as SHELXE. In order to deter-
mine the efficacy of UV RIP at reduced resolutions, we
truncated the data to various resolutions for insulin,
RNase, and thaumatin, and analyzed the success of
both substructure determination and phasing. Sub-
structures were compared to the high-resolution solu-
tion using the PHENIX program (Adams et al., 2004)
EMMA, and proved to be correct even at low resolu-
tions. Specifically, correct UV RIP structures were ob-
tained at 4.3, 4.5, and 4.1 A˚ for insulin, RNase, and thau-
matin, respectively (Table 3). These lowest resolution
substructures were refined using SHARP (de La Fortelle
and Bricogne, 1997) using data between 40 and 3 A˚ res-
olution. Iterative analyses of residual maps allowed us to
identify additional RIP substructures sites, often located
near the original sites. The resulting 3 A˚ phasing statis-
tics are excellent (Table 3).
UV RIP versus X-Ray RIP
We used proteins from the same sources and crystal-
lized under the same conditions as those we used forour X-ray RIP experiments (Nanao et al., 2005), allowing
us to make a detailed comparison of both techniques.
The most striking similarity is that UV radiation, like
X-ray radiation, affects the disulfide bonds. UV radiation
is known to excite, ionize, and degrade aromatic resi-
dues. It is therefore surprising that we did not observe
structural changes on aromatic residues; possibly this
damage would not be observable in X-ray diffraction
electron density maps at 1.5 A˚, or alternatively, aromatic
UV damage might be reduced at cryogenic tempera-
tures. However, the UV damage induced very distinct
alterations of disulfide bonds. The ranking of suscepti-
bility of each disulfide bond within each protein was dif-
ferent for X-ray and UV damage (data not shown). Also,
different non-disulfide-susceptible sites were found for
X-ray as for UV damage. Dramatic differences were
found in particular for ribonuclease A. We have previ-
ously described that ribonuclease A could not be solved
by X-ray RIP. In contrast, it can readily be solved by UV
RIP. The Rmerge between the ‘‘before’’ and ‘‘after’’ data
set was smaller for UV RIP (7.5%) than for X-ray RIP
(14.6%; Nanao et al., 2005). However, these smaller
and possibly less accurate differences were readily in-
terpreted by the substructure determination program
SHELXD (Table 4). No correct substructures could be
found for X-ray RIP, whereas UV RIP gave correct solu-
tions for a wide range of scale factors K (0.96314–
1.00214), resulting in excellent phases in subsequent
steps. Figure 2 shows the difference Fourier maps, using
refined model phases and contoured at 68s, for X-ray
RIP (Figure 2A) and UV RIP (Figure 2B). Figure 2A shows
how X-rays do not only affect the disulfide bonds but
also carboxyl groups, including the C terminus, and
ordered waters surrounding the protein. In contrast,
UV radiation only shows structural changes at the di-
sulfide bonds, at much higher s levels than those ob-
served for X-ray RIP. The sharper contrast between
highly and weakly susceptible sites for UV RIP com-
pared to X-ray RIP makes the former better suited for
structure determination.
Lysozyme presented significant challenges to struc-
ture solution by X-ray RIP, requiring a large number of
SHELXE recycles as well as accurate fine-tuning of the
K downscaling parameter. Even with 11 SHELXE itera-
tions, only one scale factor K yielded phases that led to
an interpretable electron density map. Although HEWL
structure solution was still not trivial using UV RIP, it was
easier than for X-ray RIP. A range of scale factorsK, from
Structure
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Elastase Insulin Lysozyme PYP Ribonuclease A Thaumatin Trypsin
FIND/DSUL 4/4 3/3 8/4 3/0 3/3 8/8 4/4
Range scale factor Ka UV 0.99286–
1.00029
0.90000–
1.03000
0.99100–
0.99843
0.98357–
0.99100
0.96314–
1.00214
0.90000–
1.03000
0.94457–
1.01700
Range scale factor Ka X-rayb 0.93343–
0.99286
0.95200–
1.00214
0.99100 — — 0.95571–
0.99471
0.98357–
0.99657
Res for SHELXD (A˚) 1.9 1.6 2.9 1.75 1.85 1.7 1.5
Expanded to (A˚) 1.5 1.5 1.5 1.4 1.5 1.48 1.5
K for best CC 0.98171 0.92786 0.99286 0.96314 0.97800 0.96871 0.93900
CCbest (%)
c UV 20.9 33.3 36.5 17.4 18.1 31.2 22.0
CCbest (%)
c X-rayb 14.5 16.9 22.8 — — 16.6 14.2
CCweak (%)
c UV 8.9 18.8 16.9 9.8 8.2 16.7 10.5
CCweak (%)
c X-rayb 6.7 7.4 11.4 — — 6.1 7.9
PATFOMc 24.1 29.4 9.9 26.7 20.4 8.8 19.7
Solvent content used in SHELXE (%) 39 64 35 40 50 50 41
K for best pseudo-free CC 0.99657 0.97986 0.99657 0.99100 0.99286 1.00029 0.99100
Contrastd 0.400 1.019 0.372 0.476 0.689 0.687 .452
Connectivityd 0.890 0.946 0.898 0.901 0.943 .930 .902
Pseudo-free CC (%)d 71.8 81.5 70.8 71.40 83.4 82.9 75.8
wMPE initial (º)d 70.8 62.7 83.2 68.3 74.7 66.7 68.9
Final wMPE (º)d 39.1 22.9 41.6 31.3 26.4 24.4 35.4
Number of SHELXE iterations 2 1 7 2 1 1 1
wMPE, weighted mean phase error.
a Yielding a pseudo-free CC of >70%.
b Numbers are taken from Nanao et al. (2005).
c Solution from SHELXD with highest CCbest.
d Solution from SHELXE with highest pseudo-free CC.0.99100 to 0.99843, yielded interpretable maps, and
fewer SHELXE iterations were required before con-
vergence was reached (Table 4). We suspect that the
combination of tight crystal packing and large molar
extinction coefficient (Table 2) might have resulted in in-
sufficient UV penetration, resulting in a low Rmerge value
(4.2%) and a low average signal to noise <DF>/<sDF>
between Fbefore and FUV (Table 1).
The large molar extinction coefficient and relatively
larger crystal thickness might also have compromised
the signal obtained for elastase (Rmerge = 6.9%, <DF>/
<sDF> = 1.44; Table 1). Compared to X-ray RIP, a smaller
range of scale factors K yielded interpretable electron
density maps for UV RIP. However, much better statis-
tics were obtained during the substructure determina-
tion step. Table 4 gives a comparison of the correlation
coefficients (CC) between the observed and calculated
normalized structure factor differences, as obtainedwith the program SHELXD. Better CCs were obtained
for all proteins while comparing UV with X-ray RIP; the
latter technique did not yield any valid substructure so-
lutions for photoactive yellow protein and ribonuclease
A (Nanao et al., 2005). For all proteins except elastase,
a larger range of scale factors K was found while using
UV rather than X-rays for radiation damage-induced
phasing.
Non-Disulfide-Containing Protein
We tested one non-disulfide-containing protein for UV
RIP phasing: photoactive yellow protein (PYP). Previous
attempts to phase this protein using X-ray RIP had failed
(data not shown). PYP has a chromophore, p-coumaric
acid, covalently bound through a thioester linkage to a
cysteine. Upon UV irradiation, the sulfur-carbon bond is
disrupted (Figure 3), and the Sg68 moves to a new posi-
tion, close to the one observed for an early proteinTable 5. Refinement Statistics
Elastase Insulin Lysozyme
Resolution (A˚)a 45–1.5 (1.58–1.50) 45–1.5 (1.58–1.50) 45–1.51 (1.59–1.50)
Before UV Before UV Before UV
Rcryst (%)
a 12.4 (12.5) 12.3 (12.3) 14.8 (16.8) 14.8 (16.7) 14.7 (13.8) 14.7 (14.7)
Rfree (%)
a 16.1 (19.9) 16.1 (19.6) 16.4 (18.7) 16.3 (18.9) 20.4 (25.9) 21.1 (28.8)
Number of nonsolvent atoms 1852 1852 413 413 1023 1023
Number of solvent atoms 275 275 57 57 118 118
Mean B in A˚2 8.5 8.6 15.9 15.9 14.3 14.4
Ramachandran allowed/additional/disallowed 86.9/13.1/0.0 86.9/13.1/0.0 93.0/7.0/0.0 93.0/7.0/0.0 88.5/11.5/0.0 89.4/10.6/0.0
RMS Deviations from Ideality
Bond lengths in A˚ 0.019 0.019 0.021 0.021 0.025 0.027
Bond angles in º 1.7 1.7 1.9 1.8 1.9 2
a Statistics for the outer shell are specified in parentheses.
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797photocycle intermediate (Genick et al., 1998). This site
could be found by SHELXD, and although two sub-
sequent iterations were needed in SHELXE to obtain in-
terpretable maps, structure solution was possible for
a large series of scale factors K. Interestingly, UV-sus-
ceptible methionines were also contributing to the sub-
structure (Figure 3). PYP is the first non-disulfide-con-
taining protein in our hands that could be solved by
radiation damage.
Figure 2. Specific Radiation Damage on Ribonuclease A
Difference maps were calculated using refined model phases and
contoured at +8s (green) and28s (red). A comparison is shown be-
tween X-ray damage (A) and UV damage (B).Future Prospects
This work presents a new method to phase macromo-
lecular crystal structures using damage induced by UV
radiation. However, several important limitations remain
open at the moment. The underlying chemistry and
physics is poorly understood. It has been postulated
(Neves-Petersen et al., 2002) that excited tryptophans
play a role in disulfide rupture. Here we have shown di-
sulfide rupture for proteins that lack nearby tryptophans
or tryptophans at all (insulin and ribonuclease A). Addi-
tionally, several practical considerations remain. Pro-
teins in general have high molar extinction coefficients
at 266 nm. It might be possible to obtain more uniform
damage using UV lasers at different wavelengths, fur-
ther away from 280 nm. More intense UV laser beams
could be used for getting a higher degree of damage;
however, this could result in significant sample heating
as well. The method might be particularly useful for
small crystals, which are produced more frequently
now that nanodrop crystallization platforms are being
routinely used.
Figure 3. Specific UV Radiation Damage on Photoactive Yellow
Protein
Difference maps were calculated using refined model phases and
contoured at +8s (green) and 28s (red). The chromophore of the
protein is shown as a stick model, as well as three methionines.Table 5. Continued
PYP Ribonuclease A Thaumatin Trypsin
35–1.4 (1.44–1.40) 45–1.51 (1.59–1.51) 45–1.5 (1.58–1.50) 45–1.5 (1.58–1.50)
Before After Before After Before After Before After
14.5 (22.6) 14.2 (22.8) 14.3 (13.7) 14.3 (13.7) 12.2 (12.5) 12.2 (12.5) 10.5 (9.2) 10.4 (9.0)
18.9 (32.6) 19.3 (30.4) 17.8 (18.7) 17.8 (18.6) 15.9 (19.6) 15.9 (19.6) 13.9 (16.0) 13.9 (16.0)
1008 1008 957 957 1623 1623 1803 1803
140 140 161 161 336 336 314 314
16.9 16.3 11.2 11.5 9.5 9.5 6.6 6.6
87.4/12.6/0.0 88.3/11.7/0.0 88.7/11.3/0.0 89.6/10.4/0.0 91.1/8.9/0.0 91.1/8.9/0.0 87.2/12.8/0.0 87.2/12.8/0.0
0.021 0.022 0.022 0.022 0.021 0.02 0.021 0.02
1.7 1.7 1.9 1.9 1.9 1.8 1.9 1.9
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798These difficulties aside, UV RIP has a number of char-
acteristics that make it an attractive tool for phasing.
Perhaps the most obvious attribute is that, like X-ray
RIP and long-wavelength S-SAD, no derivatization of
the protein is necessary. This has major advantages
over methods that rely on heavy atom substitution in
terms of time, cost, and ease of incorporation into
a high-throughput structure determination pipeline. Ad-
ditionally, UV RIP has several advantages over X-ray RIP
and S-SAD. Unlike S-SAD, UV RIP can be performed at
short wavelengths, thereby avoiding experimental diffi-
culties, such as strong absorption at longer (>1.7 A˚)
wavelengths and problems in collecting high-resolution
data. If performed at longer wavelengths, UV RIP could
complement the phasing information of S-SAD, as the
loss of sulfur occupancy due to irradiation could resem-
ble the dispersive signal from a MAD experiment. A ma-
jor advantage of UV RIP over X-ray RIP is the specificity
of the induced damage. Whereas both protein and sol-
vent contribute to and are affected by X-ray absorption,
only specific residues within the macromolecule absorb
UV. The resulting local energy deposition is orders of
magnitude smaller compared to an X-ray absorption
event, thus minimizing perturbance to the surrounding
environment. Unlike X-ray RIP, UV RIP does not require
a synchrotron beamline, which makes the method viable
on ubiquitous rotating anode X-ray sources. Indeed, it is
likely that a UV laser and the software that controls it
could be integrated into existing sample environments
without major difficulties. Taken together, the effective-
ness on unmodified protein, specificity of damage, and
flexibility of X-ray source make UV RIP an attractive
new tool for phasing macromolecular crystals.
Experimental Procedures
Crystallization
Proteins were prepared, crystallized, and cryoprotected as de-
scribed previously (Nanao et al., 2005). Because of the strong ab-
sorption of protein crystals at 266 nm, relatively small crystals
were selected (Table 2). In addition to the disulfide-containing pro-
teins elastase, insulin, trypsin, thaumatin, HEWL, and ribonuclease
A, one non-disulfide protein was used: photoactive yellow protein
(PYP). This protein was expressed and purified as described by
Kort et al. (1998). PYP crystals of space group P65 were grown, crys-
tallized, and cryoprotected as described in Kort et al. (2004).
Beamline Arrangement
All experiments were done on ID14-4 at the European Synchrotron
Radiation Facility (ESRF), Grenoble, France. The beamline optics in-
clude a toroidal mirror that focuses the X-ray beam to a typical size
of 3003 200 mm full-width half-maximum. Slits were used to reduce
the beam size to 100 3 100 mm at the sample position. The experi-
mental setup (Figure 1) consisted of a minidiffractometer (Arzt
et al., 2005) with an online microspectrophotometer (E. Garman, J.
Murray, M. Weik, and R.B.G.R., unpublished results). The on-axis
viewing of the minidiffractometer, in combination with an yttrium alu-
minum garnet screen, allows an accurate coaxial visualization of the
beam position (Perrakis et al., 1999). The spindle axis and crystal
were aligned to coincide with the beam axis. The online UV/vis mi-
crospectrophotometer consists of an Ocean Optics DH2000 deute-
rium tungsten halogen light source, a specially designed mirror-
based lens system oriented perpendicular to the spindle axis, and
an Ocean Optics HR2000 high-resolution spectrophotometer. The
4-fold demagnifying mirror systems focused the probing light from
a 600 mm fiber into a 150 mm spot on the crystal. Online UV/vis mea-
surements were used during X-ray exposure in order to verify the
alignment of the X-ray beam, spindle, and microspectrophotometeraxes, as the X-ray beam induces specific color changes in the ex-
posed part of the crystal (E. Garman, J. Murray, R.B.G.R., and M.
Weik, unpublished results). The same setting was used to connect
one microspectrophotometer lens with a JDS Uniphase (Nanolase)
266 nm UV laser through a 600 mm fiber. The resulting 150 mm diam-
eter UV spot on the crystal was larger than the X-ray beam (100 3
100 mm), and its intensity was measured to be about 0.1 mW. The
tight geometry (Figure 1) did not allow the square 2 3 2 CCD
ADSC Q4R detector to be moved closer than 140 mm from the crys-
tal, corresponding to a maximum circular resolution of 1.6 A˚ while
using a wavelength of 0.939 A˚.
Diffraction Data Collection and Processing
The data collection strategy was to collect two successive complete
low-redundant data sets using a highly attenuated X-ray beam
(named ‘‘before’’ and ‘‘UV’’ data set). The beam was attenuated so
as to collect diffraction data up to the corners of the detector, with-
out saturating the low-resolution spots. The dose used per data set
was similar to the doses used for the ‘‘before’’ and ‘‘after’’ data sets
as described in Nanao et al. (2005). In between the two data sets, the
crystals were exposed to a UV burn of 5 min during which the crystal
was rotated in steps of 45º for about three full 360º rotations. The
UV laser was either left on (trypsin, RNase, HEWL, insulin, thaumatin)
or off (elastase, PYP) during the collection of the second data set.
The UV exposure mode was determined empirically; see also the
Discussion.
In order to distinguish between specific X-ray damage and UV
damage, control data series were taken on a different part of the
crystal for both trypsin and elastase. Each control data series con-
sisted of two complete data sets, collected successively on the
same part of the crystal and with the same X-ray dose as the UV se-
ries. However, no UV laser illumination was used either before or
during the collection of the second data sets.
All data were processed in XDS/XSCALE (Kabsch, 1988) and ex-
ported to merged and unmerged reflection files. The diffraction
data in the corners of the detector were included in order to enhance
the performance of SHELXE (Sheldrick, 2002), although this resulted
in a limited completeness between 1.6 and 1.5 A˚. The ‘‘before’’ and
‘‘UV’’ data sets were put on an identical absolute scale using
XSCALE (Kabsch, 1988). The latest version of the program SHELXC
was used to determine the difference structure factorsDFs, allowing
the ‘‘UV’’ data set to be downscaled by a factorK, to compensate for
the net overall loss of ordered electrons (Nanao et al., 2005).
Phasing and Refinement
UV RIP phasing was performed using an identical protocol to that
described earlier for X-ray RIP (Nanao et al., 2005). The resolution
for phasing (Table 4) was chosen based on the resolution shell at
which <DF>/<sDF> is greater than 1.5. Seventy scale factorsK, rang-
ing from 0.90 to 1.03, were used to modify the FUV data set. The pro-
gram SHELXD (Schneider and Sheldrick, 2002) was used to find an
initial substructure of UV-susceptible sites. All SHELXD processes
were run for 500 cycles in Patterson seeding mode. Solutions from
SHELXD were subsequently submitted to SHELXE (Sheldrick,
2002) with zero cycles without resolving the phase ambiguity, in or-
der to allow the identification of UV-induced sites (negative occu-
pancies), as well as for the evaluation of the initial correlation coef-
ficient to the full resolution of the data (Sheldrick, 2002). The RIP
substructures, including both positive and negative sites, were
then recycled through SHELXE with 100 cycles of density modifica-
tion. The RIP substructure was updated by the calculation of a Four-
ier synthesis with coefficients jDFj and phases 4native2 a, where a is
0º or 180º (Sheldrick, 2002), and resubmitted to SHELXE. This last it-
eration was repeated until phases became interpretable (Table 4).
For most of the data presented here, however, no iterations were
needed.
The models were built and refined as described by Nanao et al.
(2005) to yield the statistics described in Table 5.
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